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Abstract Centrifuge tests were carried out to confirm and
determine the effect of different pure alcohols, methyl
t-butyl ether (MTBE) and mixtures of alcohols with gasoline
and diesel on a thin disc of consolidated clay. The evolu-
tion of changes in the clay hydraulic conductivity with time
was investigated and other structural changes due to
chemical attack were monitored. The findings presented
here demonstrate that the hydraulic conductivity of the clay
appear to be generally related to the polarity of the
chemicals and the dielectric constant. The cracking effect
of butanol and MTBE on consolidated clay at low flow rate
and low stress level was observed. The addition of ethanol
or MTBE to diesel increased the clay permeability and the
migration of organic chemical. The addition of ethanol to
gasoline also caused an increase in the clay hydraulic
conductivity. The effect of the association of alcohols with
gasoline or diesel on the clay hydraulic conductivity is
discussed, with a view to improving current pollution
remediation techniques.
Keywords Gasohols  Consolidated clay  Permeability 
Gasoline remediation
Introduction
Light non-aqueous phase liquids (LNAPLs) containing fuel
additives are known to be under the influence of these
additives in the course of their behaviour in the subsurface.
Hydrocarbon fuels are low polarity chemicals and usually
cannot migrate into clay pores under typical field hydraulic
gradients, because they cannot displace the interstitial
water. Additives in gasoline, such as alcohols and methyl-t-
butyl ether (MTBE), are used to control air pollution
emissions.
Gauchotte (2009) quoted that in Europe, MTBE was
used to replace the banned tetra-alkyl lead and to match the
restrictions on the aromatic content of gasoline (Rosell
et al. 2006). In the European Union the MTBE content in
gasoline is restricted to 15% of the volume. MTBE is less
used in Europe with an average of 2% in gasoline (Schmidt
2002) as other oxygenates are preferred. MTBE mixes with
gasoline and is soluble in water and does not leave it easily
by evaporation (Schmidt et al. 2001). A study conducted in
Germany between 1999 and 2000 found that MTBE was
present in 50% of the urban groundwater samples, although
the median concentration was low (Kingler et al. 2002).
In the USA, MTBE contamination in drinking water
aquifers is a serious concern. The US Environment Pro-
tection Agency has issued a drinking-water advisory for
MTBE of 20–40 micrograms per litre (lg/L) on the basis of
taste and odour thresholds (Clawges et al. 2011). One
hundred and nine million Americans live in counties where
MTBE is believed to be used. The recent decline of MTBE
use has been caused either by US state law (for example,
MTBE is banned in California) or by government tax
subsidies for using ethanol. Ethanol has been advertised as
a safe alternative by the agricultural interest groups in the
USA and Europe. An alternative to straight ethanol is the
P. Sentenac (&)  S. Ayeni
Civil Engineering Department, Strathclyde University,
Glasgow G4ONG, UK
e-mail: philippe.sentenac@strath.ac.uk
S. Ayeni
e-mail: anuoluwa.ayeni@strath.ac.uk
R. J. Lynch
Geotechnical and Environmental Engineering Group,
Cambridge University CUED Engineering Department,
Trumpington Street, Cambridge CB2 1PZ, UK
e-mail: rjl1@eng.cam.ac.uk
123
Environ Earth Sci (2012) 66:783–792
DOI 10.1007/s12665-011-1287-2
related ether ETBE, which is manufactured from ethanol
and isobutene. ETBE offers equal or greater air quality
benefits than ethanol, while being technically and logisti-
cally less challenging. Unlike ethanol, ETBE does not
induce evaporation of gasoline, which is one of the causes
of smog, and does not absorb moisture from the atmo-
sphere. In Europe, the recent European Biofuels Directive
(2003/30/EG) has influenced companies to use more
ETBE.
Nevertheless, the risk of contamination from all these
additives to the aquifers from underground fuel tanks or
landfills and the extent of their migration through clay
should be assessed. Fuel containing additives like MTBE
are capable of affecting the permeability of consolidated
clay and their influence has to be evaluated if they increase
the migration of pollutants in facilitating the displacement
of pore water when they are associated with them. Con-
solidated clay is used for landfill liners but is also found as
a geological layer. According to the Resource Conservation
and Recovery Act (RCRA) subtitle C programme (40 CRF
264), a hazardous solid waste landfill must have two or
more liners and a leachate collection and removal system
between these liners. In Europe, the Landfill Directive
(2002) has a requirement to separate waste into hazardous
and non-hazardous categories, and one of the consequences
of this will help to prevent wastewater-soluble solvents
from attacking single consolidated clay landfill liners in
waste disposal facilities. It is thus of interest to investigate
the interaction of these chemicals with a clay layer because
of the hazard posed, on one hand, by a further migration of
these pollutants and, also on the other hand, to discuss the
possibility to use their effect on the clay as an advantage
for their removal.
The modification of the soil permeability by soil frac-
turing is an in situ technique that has been used by the oil
industry to enhance remediation and oil recovery from the
1980s. The formation of vertical fractures has become a
refined technique for contaminated sites, but it involves
drilling tools and is more related to the whole structure of
the rock or the soil (Jones 1997). An initial fracture could
be initiated from a 25-mm diameter drilling. The present
research focuses more on the effect of alcohol additives to
the soil matrix itself at the grains scale.
The findings of the previous study (Sentenac et al. 2007)
demonstrated that the permeability of the clay used in the
centrifuge experiments conducted appeared to be generally
related to the polarity of the chemical permeants and their
dielectric constants (Park et al. 2003; Sharma and Reddy
2004), with the exception of butanol which caused the clay
to crack at low stress levels obtained by a lower level of
centrifugal acceleration (32g). Centrifuge modelling tech-
niques have been used to study soil behaviour with water
and various chemicals. For example, recently, Singh and
Gupta (2000); Thusyanthan and Madabhushi (2003) are
among many others who have used centrifuge modelling
techniques. In their studies, they were able to establish that
flow velocity in a centrifuge model at N gravities will be N
times faster compared to the prototype it represents. They
have considered permeability (k) to be directly proportional
to the hydraulic gradient and hydraulic gradient to be
independent of gravity.
The tests described here have involved moderate and
high g levels using a small centrifuge to accelerate the
transport of the chemicals through a thin disc of consoli-
dated clay.
Such a consolidated disc of clay can be used to model
the integrity of clay liners that may be affected by possible
landfill chemical leachates or just simply to model a geo-
logical material layers that hinder the transport of a con-
taminant plume. A number of centrifuge tests were
conducted at 32 and 804g on a disc of consolidated clay
using a 185-mm radius commercial (chemical) centrifuge
‘‘Mercury’’ model. These ‘‘g’’ levels were related to the
rotational operating speed in rpm (revolutions per minutes)
of the machine and were chosen randomly, but with enough
difference to capture scale effects. The new experiments
were carried out to confirm the effect of butanol on clay
and the association of ethanol and MTBE with gasoline and
diesel were investigated.
Quigley and Fernandez (1989) found that liquid hydro-
carbons like ethanol or dioxane could damage liners, in
conducting hydraulic conductivity tests in a permeameter
with compacted clay. At more than 70% concentration, the
contaminants increased the hydraulic conductivity dra-
matically suggesting the influence of the dielectric constant
of the chemical on the contraction of the double layer of
the clay. The smaller the dielectric constant, the larger is
the change in hydraulic conductivity.
Petrov et al. (1997) also established that lower dielectric
constant media like pure ethanol and 75% ethanol were
able to increase the hydraulic conductivity of cohesive
soils. Da Silva and Alvarez (2006) and Labud et al. (2007)
showed that the effect of gasoline and diesel on clay can
result in increased respiration and decreased microbial
activity. Gasoline was found to have more effect than
diesel. From their study it could be assumed that this
decrease could affect the biodegradation of the hydrocar-
bons, which is a problem if it is the intended remediation
technique.
Anandarajah (2003) revealed that when clayey soil is
leached with organic fluid under certain conditions, the
hydraulic conductivity was found to increase by many fold.
This was largely attributed to physicochemical changes and
the consequent alteration of the fabric resulting in cracking
of the clay. Adam et al. (2002) found that there was no
significant difference at concentrations lower than 70% and
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that movement of LNAPLs was further enhanced by the
presence of additives such as ethanol.
By considering the intrinsic hydraulic conductivity, it is
possible to separate the fluid effects from the solid effects
on the flow. The intrinsic hydraulic conductivity, Ki, is that
portion of the hydraulic conductivity (hydraulic conduc-
tivity), which is a function of the size of the pores through
which the fluid moves (Fetter 1981).
K ¼ Kiðqg=lÞ
where q = density of fluid, l = fluid viscosity and
g = acceleration constant due to gravity.
Stallard et al. (1997) examined the migration of gaso-
line–alcohol (gasohol) fuel mixtures through consolidated
clay. They explained the increase in hydraulic conductivity
of the clay in the presence of gasohol by the collapse of the
clay’s pores thereby creating larger pores. Increasing pore
diameter decreases the capillary pressure needed for the
gasohol to replace water and allows gasohol to migrate
through the clay.
It is therefore important to assess the extent of the
phenomenon to identify what kind of alcohols may
increase the clay hydraulic conductivity and observe if any
cracking mechanisms related to the duration of the exper-
iments could occur.
Experimental procedure
Materials
Kaolinite, bentonite, illite and montmorillonite are clay
materials that have been used in landfill and surface
impoundments (Das 2001). However, for the purpose of
this research, the focus will be on kaolinite. In nature,
kaolinite is freely occurring. It is very stable with little
tendency for change in volume when exposed to water
(Sharma and Reddy 2004). Kaolinite structure consists of
one tetrahedral layer and one octahedral layer forming a
sheet.
This type of clay was used because it is commercially
available and it has a low cation exchange capacity (CEC),
five times lower than smectite. In addition, the chemical
composition of the kaolinite is as follows: silicon dioxide
(wt%) = 56.91, iron oxide = 0.93, aluminium oxide =
39.68, titanium dioxide = 0.54, calcium oxide = 0.16,
magnesium oxide = 0.16, sodium oxide = 0.60 and
potassium oxide = 0.60. The kaolinite clay properties are
presented in Table 1.
In addition, water and five different chemicals were
used—ethanol, 1-butanol, methyl-t-butyl ether (MTBE),
obtained from VWR, and diesel and gasoline, obtained
locally. The mixture of ethanol and diesel is also called
diesehol mixture and, respectively, ethanol and gasoline is
called gasohol mixture.
Gasoline was obtained from a local petrol station within
Glasgow. As shown in Table 2, typical gasoline constitu-
ents include low molecular weight alkanes (C5–C10) and
aromatics (mainly benzene and naphthalenes) with very
little polyaromatic hydrocarbons (PAHs).
A large proportion of gasoline is made up of BTEX
(benzene; toluene; ethylbenzene; meta, ortho and para
xylene) components. Other constituents include olefins
[e.g. styrene and indene) (Adam et al. 2002; Irwin et al.
1997)].
Diesel was also purchased from a local petrol station.
The chemical composition of gasoline in % mass is pre-
sented in Table 2. The gasohol mixtures were obtained by
addition of 5 ml of ethanol to 45 ml of gasoline (volume by
volume).
The chemical composition of diesel is presented in
Table 3. To prepare the diesehol mixtures ‘‘Ed10’’, 5 ml of
ethanol was added to 45 ml of diesel (volume/volume).
Similarly, 5 ml of MTBE was added to diesel and gasoline.
A total of ten different fluids were used: water, ethanol
butanol gasoline, MTBE, diesel and fuel mixtures like
diesehol [Ed10 (90% diesel, 10% ethanol by volume)],
gasohol [Eg10 (90% gasoline, 10% ethanol by volume)],
gasoline ? MTBE [Mg10 (90% gasoline, 10% MTBE by
volume)], diesel ? MTBE [Md10 (90% diesel, 10%
MTBE by volume).
It was decided to use ethanol as additive to diesel and
gasoline because of its commercial availability in large
quantities and low cost if it had to be used on a large scale.
Experimental setup
The apparatus used for this test was a 185-mm radius
commercial centrifuge model (Mercury), fitted with four
swinging stainless steel buckets. The centrifuge tube
holders were removed from two opposite buckets and
replaced with the double-skinned containers, shown in
Fig. 1.
A 5-mm thick, 40-mm diameter disc cut from a block of
100-kPa consolidated clay, speswhite kaolin, was inserted
inside the 51-mm diameter 150-mm high double pot sealed
container.
A small amount of slurry clay was used to fill in the gap
between the disc and the wall. The sample was tested on
the mercury centrifuge for 1 min at 32g to check the
sealing. The centrifuge was stopped. There was no water
on top of the disc of clay and the chemical was poured on
the top of the clay to a depth of 20 mm and the centrifuge
restarted to 32 or 804g as required. The seepage resulting
followed the falling head experimental rules. The outer pot
was weighed as the run time increased to determine the
Environ Earth Sci (2012) 66:783–792 785
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amount of liquid passing through the clay. From this, the
measurement variation over time of the clay hydraulic
conductivity was evaluated. A similar disc of clay taken
from the same consolidated sample was used for initial
moisture content determination.
Results
Figures 2 and 3 show the cumulative mass of fluid passing
through the kaolinite disc at low and high gravity levels.
The graphs from both at high and low stress levels show
the mass passing through kaolinite in a given time. From
the measurement of the mass of fluid passing through the
clay per minute, it is possible to calculate the hydraulic
conductivity from the equation of the Darcy velocity
V = Ki (where V = Q/A, where V, the Darcy velocity is the
flow rate Q divided by A the cross section area of the disc
of clay and where i is the hydraulic gradient). The flow rate
Q can be calculated knowing the volume of fluid passing
through the clay from the mass and the density of the fluid).
At the high gravity level, the experiment revealed a
larger mass of fluids passing through consolidated clay for
two sets of fluid, i.e. polar compounds and fuel blend. The
order of migration through kaolinite was:
MTBE [ water [ gasohol [ diesel þ MTBE [
diesehol [ gasoline þ MTBE [ gasoline [
ethanol [ butanol [ diesel:
Figure 2 shows that the mass of ethanol and butanol
passing through the consolidated kaolinite at high gravity
level was observed to be lower than that of MTBE, water
and fuel blends, but higher than diesel. Ethanol in
particular recorded a higher amount than butanol under
high gravity level. This was also in agreement with the
previous study conducted by Sentenac et al. (2007) where it
was established that the amount of ethanol passing through
consolidated clay at higher level of gravity was more than
that of butanol.
Figure 3 shows that at the lower gravity level (32g), the
order of migration differs from that observed at a high
gravity level (804g). Water migrated faster than MTBE,
and the migration of butanol was also increased unlike that
under high gravity. The amount of butanol passing through
was observed to be more than that of ethanol and fuel
blends, resulting from the cracking of the consolidated disc
of Kaolinite. This result confirmed the previous study
(Sentenac et al. 2007) where at low level of gravity (32g),
butanol recorded higher migration than ethanol.
The amount of MTBE passing through the consolidated
clay was the second largest in the 32g series of tests. No
cracking was observed, but MTBE is very soluble both in
aqueous and non-aqueous solution. The low sorption con-
stant, low Henry’s law constant and low retardation factor
of MTBE will result in high plume velocity, related to its
physico-chemical properties. From the two experiments
shown on Figs. 2 and 3, MTBE was observed to migrate
faster under both high and low stress.
The results may be expressed in relation to the intrinsic
permeability by the relationship K = Ki(qg/l) (Fetter
1981)where K is the hydraulic conductivity, Ki is the
intrinsic hydraulic conductivity, q is the density of fluid,
g is acceleration due to gravity and l is the dynamic vis-
cosity (expressed in Centipoises). The intrinsic hydraulic
conductivity is a property of the permeable medium alone,
which is what was investigated here, and is independent of
the properties of the permeating fluid.
The results of intrinsic hydraulic conductivities are
shown in Fig. 4. The amount of fluid passing through the
clay was approximately of the same order for water, eth-
anol and diesel investigated at 32g. It was the same order
Table 1 Clay properties
(Sentenac et al. 2007)
Clay Kaolinite
Dominant clay content Kaolinite
Specific gravity of solids 2.64
Optimum water content (g/g) 32%
Maximum dry density (kN/m3) 13.03
Liquid limit (g/g) 54%
Plasticity index (g/g) 23%
Linear dry shrinkage 5.8%
Particle size distribution Silt and clay (\0.075 mm) 100%
Sand (0.075–4.75 mm) 0%
Cation exchange capacity (CEC) (meq/100 g) 5
Surface area (m2/g) 10–29
Oil absorption (Gardner-Coleman) 60.0
pH value (10% solids) 6.0
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for MTBE and gasoline. The value for butanol confirmed
the previous study (Sentenac et al. 2007) in having the
highest intrinsic permeability at 32g due to the cracking of
the consolidated clay.
Discussion
One of the several factors to consider in the migration of
light non-aqueous phase liquids such as petroleum and
diesel through kaolinite is the effect of additives such as
MTBE and ethanol on the diffuse double layer. The diffuse
double layer is located at the interface between the clay
surface and the soil solution.
Alcohol can play a determining role in changing the clay
hydraulic conductivity by the effect it has on the collapse
of the clay diffuse double layer, causing shrinkage. Stallard
et al. (1997) examined the migration of gasoline–alcohol
(gasohol) fuel mixtures through consolidated clay. They
explained the observed increase in hydraulic conductivity
of the clay in the presence of gasohol by the collapse of the
clay structure and the creation of larger pores through
amalgamation of the mineral phase. This phenomenon may
be understood as a possible effect of the permeant on the
electrical double layer adsorbed on clay platelets.
To verify the various theories explaining the hydraulic
conductivity changes in clay, the viscosity and the dielec-
tric constant are indicated for each solvent in Table 4.
Table 2 Chemical composition
of gasoline (from http://www.
atsdr.cdc.gov/toxprofiles/tp72-
c3.pdf derived from Interna-
tional Agency for Research on
Cancer IARC 1989)
Component Percentage
Composition
Component
n-alkanes Other possible components
C5 3.0 Octane enhancers
C6 11.6 Methyl t-butyl ether (MTBE)
C7 1.2 t-butyl alcohol (TBA)
C9 0.7 Ethanol
C10–C13 0.8 Methanol
Total of n-alkanes 17.3 Antioxidants
Branched alkanes N,N0-dialkylphenylenediamines
C4 2.2 2,6-dialkyl and 2,4,6-trialkylphenols
C5 15.1 Butylated methyl, ethyl
C6 8.0 Dimethyl phenols
C7 1.9 Triethylene
C8 1.8 Tetramine di(monononylphenolate)
C9 2.1 Metal deactivators
C10–C13 1.0 N,N0-disalicylidene-1,2-ethanediamine
Total of branched 32.0 N,N0-disalicylidene-propanediamine
Cycloalkanes N,N0-disalicylidene-cyclohexanediamine
C6 3.0 Ignition controllers
C7 1.4 Tri-o-cresylphosphate (TOCP)
C8 0.6 Icing inhibitors
Total of cycloalkanes 5.0 Isopropyl alcohol
Olefins Detergents/dispersants
C6 1.8 Alkylamine phosphates
Total of olefins 1.8 Poly-isobutene amines
Aromatics Long chain alkyl phenols
Benzene 3.2 Long chain alcohols
Tolune 4.8 Long chain carboxylic acids
Xylenes 6.6 Long chain amines
Ethylbenzene 1.4 Corrosion inhibitors
C3-benzenes 4.2 Carboxylic acids
C4-benzenes 7.6 Phosphoric acids
Others 2.7 Sulphonic acids
Total aromatics 30.5
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The dielectric constant of the fluid influences both the
surface potential and the diffuse layer thickness (Mitchell
and Soga 2005). The double layer thickness varies with the
square root of the dielectric constant, for example in eth-
anol the double layer is reduced by a factor of (25.3/
78)^0.5 or 0.57 compared to that in water (Mitchell and
Soga 2005). For butanol, the ratio is (17.8/78)^0.5, which is
0.48, suggesting even more shrinkage of the double layer.
The results shown in Fig. 5 indicate that as the dielectric
constant of the permeant increases, the hydraulic conduc-
tivity follows the same trend, except for gasoline.
Anandarajah (2003) explained that an increase in the
dielectric constant would result in the decrease in the
thickness of the double layer allowing the clay particle to
come close together, which results in shrinkage of the clay
cluster. He explained further that with clay being nega-
tively charged, double repulsive force would result from
electrostatic interaction between the clay particles when
immersed in an electrolyte, while an attractive force would
be formed due to interaction between molecules of the clay
particles and the interstitial medium.
Moavenian and Yasrobi (2008) in their study also
revealed that when organic hydrocarbons were used as
permeant, the dielectric constant of the organic liquids
presumably caused the contraction of the diffuse double
layer that surrounded the clay particles, which in turn
flocculated. The presence of fairly semi-polar organic
compounds like alcohol and ether was assumed to affect
the structure of double diffuse layer of clay material
causing collapse of the clay pores, creating larger ones and
lowering the capillary pressure required by non-polar
organics such as gasoline and diesel to replace water,
resulting in enhanced migration through the consolidated
clay material.
In this experiment, when fuel blends were used as
permeants, enhanced migration was observed at both high
and low gravity levels, which may be attributed to the
collapse of the double layer of the consolidated kaolinite.
This is supported by previous studies conducted by Adam
et al. (2002), as they established that when a fuel blend was
used as a permeant, the dielectric constant of the additive
presumably caused the contraction of the diffuse double
layer that surrounded the soil particles, which in turn
flocculated allowing more blend to pass through.
Once the behaviour of the pure chemicals was investi-
gated, the key question was to determine the effect of their
association on the permeability of the consolidated clay.
Table 3 Chemical composition of diesel (Fuel oil no2 from
http://www.atsdr.cdc.gov/toxprofiles/tp75-c3.pdf derived from Inter-
national Agency for Research on Cancer IARC 1989)
Hydrocarbon type Volume (%)
Paraffins (n- and iso) 41.3
Monocycloparaffins 22.1
Bicycloparaffins 9.6
Tricycloparaffins 2.3
Total saturated hydrocarbons 75.3
Olefins No data
Alkylbenzenes 5.9
Indans/tetralins 4.1
Dinaphthenobenzenes/indenes 1.8
Naphthalenes 8.2
Biphenyls/acenaphthenes 2.6
Fluorenes/acenaphthylenes 1.4
Phenanthrenes 0.7
Total aromatic hydrocarbons 24.7
Fig. 1 Double shell sample container and centrifuge setup
Fig. 2 Fluid mass passing
through clay at 804g
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Mixtures with gasoline
In the results described in Fig. 6, the mixture of ethanol
and gasoline was called ‘‘gasohol’’ or ‘‘Eg10’’ (90% gas-
oline, 10% ethanol by volume)] and a mixture of gasoline
and MTBE was called ‘‘Mg10’’ (90% gasoline, 10%
MTBE by volume).
Chen et al. (2005), in their study, also confirmed that the
addition of polar organic solvents that are highly miscible
in water could cause a co-solvent effect, which means that
water-miscible solvents such as ethanol and MTBE reduce
the net polarity of additive water solvent; hence, they
increase the solubility of the non-ionic organics, resulting
in increased migration through consolidated clay.
The addition of ethanol to LNAPLs, especially gasoline,
should increase the solubility of BTEX or gasoline in
water. This would result in lower sorption constants (lower
tendency to partition to organic matter in soil), lower
Henry’s law constants (lower tendency to partition into
vapour phase from aqueous phase), increased vapour
pressure and low retardation factor and, consequently, the
fuel blend would have higher plume velocity. However, the
addition of MTBE to gasoline did not indicate enhanced
migration. It may be assumed that it was because gasoline
already contained about 2% MTBE by volume (Schmidt
2002); thus, further addition of 10% will not make any
significance. This was evident when gasoline was com-
pared to ethanol and butanol at high gravity level consid-
ering that gasoline had the lowest dielectric constant (2.0);
the mass passing through consolidated kaolinite was
practically equal to ethanol and significantly higher than
butanol and diesel.
Li and Yalkowsky (1994) and Machata and Yalkowsky
(2004) established that the polarity of a semi-polar com-
pound lies between water and the co-solvent mixture and
that the solubility/solvent composition curve of the semi-
polar compound is only linear to the point where fc (volume
fraction of the co-solvent) is 0.5. Afterwards, the curve
becomes concave in shape. They also established that the
behaviour is dependent on how close the similarity is
between the polarity of the solute and the co-solvent
mixture.
Mixtures with diesel
Figures 6 and 7 show that when fuel blends were used as
permeants, enhanced migration was observed at both high
Fig. 3 Fluid mass passing
through clay at 32g
Fig. 4 Intrinsic hydraulic conductivity of water-miscible solvents
through kaolinite at high and low stress
Table 4 Viscosities and dielectric constant of chemicals used
Permeants Viscosity at 25C (cP) Dielectric constants
Water 0.89 80.1
Ethanol 1.074 25.3
Butanol 2.54 17.84
Gasoline 0.85 2.0
Diesela 4.17 4.0
MTBE 0.33 2.6
a CRC handbook of Chemistry 91st edition, Lyondell Chemical
company (http://www.efoa.org/mtbe), Ajav and Akintobi (2006)
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and low gravity levels. Gasohol and diesehol showed
enhanced migration when compared with migration of
gasoline and diesel passing through consolidated kaolinite.
This is consistent with Adam et al. (2002), who found that
diesel fuel movement through a column was enhanced by
the presence of ethanol.
Remediation issues
Most of the research on alcohol transport through soil
undertaken so far has focused, for example, on enhanced
dissolution as the removal mechanism for remediation of
NAPLs using alcohols (Padgett and Hayden 1999). Solu-
tions made of alcohols increase the solubility of chlorinated
organic solvent and they can be used to flush contaminated
aquifers. By reducing the interfacial tensions in a con-
taminant solution, alcohols can also be associated with a
surfactant for DNAPL removal. Concerning soil remedia-
tion, the method preferred by the oil industry to recover
any contaminant is by increasing the permeability by
fracturing the soil. Venkatraman et al. (1998) showed that
using pneumatic fractures and in situ bioremediation was a
very efficient technique to treat gasoline-contaminated sites
in soil with low permeability. For example, bioventing is
undertaken when oxygen is delivered to contaminated
unsaturated soils by extraction or injection of air to stim-
ulate biodegradation.
In this study, the low permeability of clay (10-9 ms-1)
hampers any air injection or air sparging as common
remediation techniques. Hence, the removal of contami-
nants such as diesel or gasoline is less efficient because the
mass exchange rates of volatile contaminants to the vapour
phase are reduced, especially for the latter one (Kirtland
and Aelion 2000). Air flow patterns follow channels up to
the unsaturated zone, and the low permeability is the cause
of poor air distribution (Johnson et al. 1993). Silt and clays
require higher air injection pressures to achieve air flow
through the saturated zone. Excessive pressure can result in
the destruction of soil formation and promote soil fractur-
ing, which reduces air sparging and soil vapour extraction
effectiveness (Marley et al. 1996). Loden (1992) suggested
a hydraulic conductivity lower limit of 10-5 ms-1 for
effective use of air sparging or soil vapour extraction.
Below this threshold, the soil is considered as low per-
meability media. Alcohols like ethanol added to contami-
nants such as diesel or gasoline can have a positive aspect
for soil remediation as a ‘‘dissolution agent’’. By dissolving
the contaminants, it can be used in a ‘‘flushing mode’’ but
Fig. 5 Hydraulic conductivity
of water-miscible solvents
through kaolinite versus
dielectric constant
Fig. 6 Mass of gasoline, gasohol and gasoline ? MTBE passing
through kaolinite at 804g
Fig. 7 Mass of diesel, diesehol and diesel ? MTBE passing through
kaolinite
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can allow removal with pump and treat techniques only to a
certain extent as the clay permeability increases. From the
experiments described, the order of magnitude is still too
low to be able to use soil vapour extraction systems, but
can be considered for a dual system bearing in mind that
alcohol can be recycled. The results presented in Fig. 8
showed that, in the presence of MTBE and ethanol, the clay
intrinsic permeability can increase by a factor of 10, which
may not be enough for remediation to be efficient. Related
to a larger time scale, it is more worrying to think that
the long-term effect to a direct contact between clay and
the chemical studied will lead to a deeper transport of the
contaminant. On the other hand, it is instructive to know
that diesel or gasoline contamination will migrate deeper
and faster if associated with alcohol.
Conclusions
The experiments described in this paper have given the
opportunity to identify one alcohol to be tested on a
larger scale and also to be added to a gasoline sample to
see if the collapse of the clay structure and a further
increase of the clay hydraulic conductivity could be
observed in comparison to the other alcohols studied. In
the experiments presented, the addition of alcohol to
gasoline and diesel increased consequently the intrinsic
permeability of clay. Adding more MTBE to gasoline had
limited effect on clay, as it is already part of the gasoline
composition. Adding alcohol or MTBE to diesel had the
same effect on the clay matrix and increased the clay
permeability, showing a potential further migration of
contaminants in clay, which may be present in a geo-
logical layer or landfill liner. MTBE is already a con-
taminant; hence, the results are more relevant to the
extent of the contamination due to its aggressive effect on
clay. The results show that MTBE passes through clay
faster, revealing that spillage or leakage of this chemical
will spread faster.
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